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Accumulating evidence indicates that gene order in eukaryotic genomes is not completely random and that genes with similar expression levels
tend to be clustered within the same genomic neighborhoods. The mechanism behind these gene coexpression clusters is as yet unclear. In this
article, plausible biochemical, genetic, evolutionary, and technological determinants of this pattern are briefly reviewed.
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Unlike tightly packed and highly organized prokaryotic
genomes, eukaryotic genomes were long believed to be
relatively messy. With a few exceptions of conserved gene
clusters formed by gene duplications, such as Hox and β-
globin genes, average eukaryotic genes were believed to be
randomly distributed in genomes and expressed independent
of their neighbors. However, it has become increasingly
evident that, apart from being controlled individually through
promoter sequences and sequence-specific transcription fac-
tors, eukaryotic genes are subject to expression regulation
dependent on their location within the genome as well. There
have been several lines of evidence demonstrating the effects
of genomic location on gene expression. First, expression
patterns of transgenes are known to vary due to insertion site.
For example, an experiment with the assembly of two
transgenes controlled by different promoters in an artificial
chromatin domain produced highly coordinated expression in
tobacco [1]. Second, adjacent duplicated genes in budding
yeast exhibit similar patterns of expression [2,3]. Finally,
genome-wide expression studies in several organisms, such⁎ Fax: +1 817 272 2855.
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doi:10.1016/j.ygeno.2007.11.002Drosophila [4–6], nematode [7–9], mouse [10–14], human
[11–17], and Arabidopsis [18–21], have recently showed that
genes with similar expression levels are nonrandomly
distributed within genomes and tend to cluster within genomic
neighborhoods.
This local coexpression, typically measured as a correlation
between the expression levels of genes positioned close to each
other, can be explained by multiple biochemical, genetic, evo-
lutionary, and technological factors. Such elements of genomic
structure as overlapping genes, tandemly duplicated genes,
homologous genes, and operons come first to mind as logical
candidate determinants of coexpression. Although these ele-
ments seem to enrich coexpression clusters in some cases [7],
they do not account for the remaining part of the coexpression
pattern. Therefore, it has been hypothesized that coexpression
of neighboring genes can be determined by chromatin domains,
or multigene segments of DNA, which, in a given cell at a given
moment, are consistently either euchromatin or heterochroma-
tin [22]. When chromatin opens during gene expression this may
simultaneously facilitate expression of genes from neigh-
borhoods of the open region [23–26]. Genomes would thus
be compartmentalized into chromatin domains, with their lo-
cation possibly varying between cell types to deliver tissue-
specific chromatin conformation and concerted transcriptional
activity [22]. Alternatively, coexpressed gene clusters are formed
through local sharing regulatory elements such as transcription
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example, more than 10% of genes form head-to-head pairs that
may be subject to bidirectional expression mediated by common
promoter sequences [27].
By a heuristic generalization known as “guilt by association”
(rather different from its original meaning as a logical fallacy
type), it has been reckoned that functionally related genes are
organized into coexpression networks, in practice assisting
functional annotation of uncharacterized genes. Indeed, physi-
cally interacting proteins in yeast tend to be encoded by co-
expressed genes [28,29] and expression levels of interacting
proteins seem to exhibit coordinated changes across species
[30]. This raises the question of whether observed clusters of
coexpressed genes are of functional significance. Lee and Sonn-
hammer [31] observed that genes involved in the same bio-
chemical pathways tend to be clustered together in a number of
eukaryotic genomes. In Arabidopsis thaliana, genes involved in
root development and mitochondrial functions tend to form
distinct clusters [32,33]. These observations lead to a tempting
generalization that all coexpression of neighboring genes (due to
either chromatin domains or common regulatory elements)
originates from functional similarities of genes involved in the
same metabolic pathways or in the same biological proces-
ses. A similar explanation emphasizing functional significance
is that coexpression clusters are formed mainly by house-
keeping genes that are constitutively expressed across multiple
tissues [16,34]. As this review shows, however, the hypo-
thesis of functional significance falls short of providing a uni-
versal explanation of the mechanism underlying coexpression
clusters.
A critical insight into the significance of coordinated ex-
pression can be provided using comparative methods. Evolu-
tionary conservation in the organization of coexpression
clusters across various taxa would suggest that this feature
has been under selective constraints, indirectly reflecting its
functional significance. Such a result may seem to be in
conflict with the common intuition that gene expression
evolved rapidly despite the high extent of genomic synteny
[35,36]. Subsequent studies confirmed the high rate of gene
expression evolution but additionally recognized that major
reorganizations of regulatory networks could still be adaptive
[37–39]. This review makes it evident that to date we lack a
comprehensive understanding of the driving force behind
formation of eukaryotic coexpression clusters. The picture that
emerges here from the reviewed studies suggests that
coexpression clusters can be a mosaic of functional (adaptive)
and nonfunctional (neutral) genomic domains even within a
single genome, in many cases with fuzzy rather than clear-cut
boundaries.
From operons to coalitions of neighboring genes
Can coexpression of neighboring genes in eukaryotes be
explained by operons? Cotranscription of genes in operons,
which is the norm in prokaryotes, is very rare in eukaryotes
except for nematodes [40] and trypanosomes [41]. Another
exception is provided by the tunicate Ciona genome, whichcontains at least 350 two-gene operons [42]. Operons were also
found in flatworms [43] and nucleomorphs of chlorarachnio-
phyte algae [44], and occasional cases of dicistronic units are
seen in Drosophila [45,46] and humans [47]. In Caenorhabditis
elegans worms, it is estimated that around 15–25% of genes are
contained in operons [48,49]. These operons differ from those
in prokaryotes in that polycistronic mRNA is typically trans-
lated only at the 5′-proximal cistron and the other cistrons must
be activated by trans-splicing [50]. In addition to mechanistic
differences, nematode operons seem to be distinct from pro-
karyotic operons by their functional content as well. Mering and
Bork [51] estimated that only about 4% of C. elegans operons
contained two or more genes annotated for the same biological
process, compared to 36% in Escherichia coli operons.
However, operons do not account for coexpression of all
neighboring genes in C. elegans. Although genes within ope-
rons indeed exhibit the strongest coexpression as measured with
microarrays, neighboring genes on the same strand, as well as
on opposing strands, show much stronger coexpression com-
pared to genes selected at random over sequence stretches of up
to 20 kb, even after duplicate gene pairs were excluded [7].
Another study that focused on expression of muscle-, sperm-,
oocyte-, and germ-line-enriched genes in more than 550 di-
verse microarray experiments also reported coexpression clus-
ters along chromosomes for each of the tissue-specific gene
classes [8]. Additionally, Miller and colleagues [9] found that
genes expressed during spermatogenesis in C. elegans are non-
randomly distributed across the genome and aggregated into
three large (48 to 86 genes) clusters on two autosomes.
Higher-level organization of coexpression into clusters of
functionally related genes is by no means unique to eukaryotes.
Colocalization of functionally related genes outside of operons
has been known in bacteria as “uber-operons” [52]. For example,
ribosomal genes were found to be clustered into uber-operons
in a total of 15 bacterial genomes studied [52]. Genes encoding
membrane proteins are located next to another, forming tandem
clusters in bacterial, archaeal, and yeast genomes [53].
A correlation between gene proximity and function is evi-
dent in the yeast genome [54]. For example, Cho and colleagues
[55] found that the expression of adjacent genes is frequently
(N25%) initiated in the same phase of the cell cycle. A large
fraction of these genes are transcribed from opposite strands,
suggesting that a common regulatory system controls the ex-
pression of both genes. To test whether the increased correla-
tion of neighboring pairs of yeast genes was due to divergently
transcribed promoters, Cohen and colleagues [56] compared
the distributions of correlation coefficients for divergent, con-
vergent, and tandem pairs of adjacent genes with a control set
of randomized nonadjacent genes. Adjacent genes in all orien-
tations tended to be significantly coexpressed but divergent
genes showed the greatest deviation from the control set. How-
ever, when the distance between adjacent genes was ac-
counted for, there was no significant difference between the
distributions, suggesting that the distance between the genes is
a critical factor determining their coexpression. These adja-
cent genes tended to fall into the same functional categories.
Correlated triplets of genes (but not quadruplets) were also
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enrichment in common promoter elements in intergenic se-
quences could explain the pattern of coregulation.
Several studies showed apparent periodicity of gene expres-
sion in yeast, in which genes that are regularly spaced, but not
immediate neighbors, had similar expression profiles [57,58].
For example, genes up- and down-regulated in response to
DNA damage tended to be evenly spaced, with different chro-
mosome arms showing different periodicity [59]. It has been
suggested that such periodicity may result from coiled chroma-
tin conformation specific to individual chromosome arms [58].
However, these results have later been shown to be far from
definitive. Balazsi and colleagues [60] noted that cDNAs on
the yeast microarrays are printed in genomic order, and this
combined with bias due to the “spotting effect” [61] auto-
matically introduces spurious genomic periodicity and local
similarity. To account for this bias, Lercher and Hurst [62]
analyzed expression using a large Northern blot dataset cover-
ing roughly one-sixth of the yeast genome and found no sta-
tistical evidence for chromosomal periodicity of coregulation.
However, they found clusters of local coexpression ranging up
to 30 genes (100 kb), which is much larger than previously
reported.
In humans, it has been observed that genes expressed in a
given tissue [63,64], highly expressed genes [15], and broadly
expressed (“housekeeping”) genes [16] map to clusters, with the
former two classes of genes probably explained by the latter
[16]. Using serial analysis of gene expression data from 14
tissues and expressed-sequence tag data from 60 tissues, Lercher
and colleagues [16] have shown that housekeeping genes (i.e.,
those expressed in at least seven tissues) tend to cluster and that
this resulted in both the clustering of highly expressed genes and
the apparent clustering of all genes expressed in any given tissue.
It has been hypothesized that clustering of housekeeping genes
could be advantageous to assemble chromatin neighborhoods
with open conformation. Results from the mouse genome also
suggest that clusters of genes expressed in the same tissues are
the exception rather than the rule and genes of similar expression
breadth tend to resolve into clusters [10].
In the A. thaliana genome, there are local clusters of up to 20
genes that are coexpressed, with an overall median cluster size
of 100 kb [18]. Additionally, there is a significant negative
correlation between intergenic distance and coexpression—
genes that are closer together have a greater degree of coex-
pression compared with genes that are farther away. The degree
of coexpression was also larger for genes from the same path-
way, ranging from high for genes encoding components of the
proteasome, ribosome, and replicon to low for genes encoding
enzymes of metabolic pathways (with several exceptions, such
as those involved in the TCA cycle and fatty acid biosynthesis).
Genes from the same pathways, however, were not a sole source
of coexpression of neighboring genes in Arabidopsis, as shown
by an analysis omitting these genes.
The presence of clusters of coexpressed neighboring genes
in the Arabidopsis genome has been confirmed by other stu-
dies as well [19–21,65]. For example, Zhan and colleagues [21]
used expression profiles from 128 Affymetrix arrays and foundthat more than 10% of all genes belonged to the coexpression
clusters, partly overlapping with those identified by others [19].
After excluding tandem duplicates, genes in the most highly
coexpressed clusters were on average 1287 bp closer together,
shared functional annotations, and were arrayed in parallel more
often than expected. Ren and colleagues [20] analyzed mas-
sively parallel signature sequencing (MPSS) profiles from
various Arabidopsis tissues and experimental conditions, as
well as Affymetrix array data from the root tissue, and identified
689 and 1481 local coexpression clusters, respectively, consist-
ing of two to four genes with a pairwise correlation coefficient
larger than 0.7. These data suggested that 5 to 9% of all
nonduplicated Arabidopsis gene pairs consist of coexpressed
neighboring genes and this number is 1.3 times more than
expected by chance alone. However, there was little overlap
between the MPSS and the Affymetrix datasets and only 58
coexpressed pairs of 11,144 total common pairs (excluding
tandemly duplicated pairs) were common between these two
methods. Contrary to the results of Williams and Bowles [18]
and Zhan et al. [21], cofunctionality was for the major part a
poor predictor of coexpression, which also remained unex-
plained by genomic location, gene duplications, shared pro-
moter sequences, or intergenic distance.
There is a correspondence between open chromatin fibers and
the gene-dense clusters of broadly expressed genes in mammals
[66,67]. These domains of open chromatin appear to have a
decondensed higher-order structure that is typically looped out-
side the corresponding chromosome territory [67], which re-
sembles the activated state of the well-studied Hoxb [68,69]
and major histocompatibility complex superclusters [70]. Chro-
matin potentiation, a prerequisite of transcriptional activity, is
a possible mechanism explaining clusters of coexpression. Po-
tentiation of chromatin has been attributed to the cooperative
activity of ATP-dependent chromatin remodeling complexes
and histone acetyl transferases [71–73]. Chromatin domain
modifications could be stably inherited through cell division by
DNA methylation and reversed or modulated through silencing
by histone lysine methylation and histone acetylation. However,
genome-wide mapping of histone modifications indicates that,
with few exceptions such as Hox clusters, these signatures of
active chromatin are confined to the promoters and regulatory
elements rather than distributed over large domains [26]. “Open”
chromatin conformation, as detected by the DNase I sensitivity
assay, was observed to correlate with expression of five germ-
line-specific genes grouped into an uninterrupted cluster in
Drosophila melanogaster [6]. In somatic tissues, these genes are
silent, which coincides with the repressed chromatin domain
covering four of the five genes. Direct evidence that chromatin
domains affect expression of neighboring genes comes from
an experiment with green fluorescent protein (GFP) repor-
ter constructs [74]. These identical GFP constructs integrated at
90 different chromosomal positions exhibited expression levels
corresponding to the activity of surrounding domains.
It would be premature to speculate about the evolutionary
relationships between polycistronic transcription, operons, and
coexpression clusters of neighboring genes, whether, for exam-
ple, coexpression clusters might have given rise to operons [51].
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independent levels of gene coregulation, in some cases per-
sisting in the same genomes (e.g., C. elegans), with no com-
pelling example of intermediate structures.
Gene liaisons with no cofunctionality?
A recent survey of the conservation of gene clusters across
human and mouse tissues implicated cis-acting regulatory units
rather than chromatin domains and associated cofunctionality
as a mechanism underlying gene coexpression [14]. Most of the
coexpressed clusters contained gene pairs and triplets whose
positions were phylogenetically conserved between human and
mouse. Another survey of the human genome revealed that
more than 10% of all genes belong to bidirectional gene pairs
that consist of genes arranged head-to-head (adjacent 5′ ends)
on opposite DNA strands and within 1000 bp of one another
[27]. Overrepresentation of closely located bidirectional pairs
of genes seems to be characteristic of mammalian genomes and
is believed to have arisen by genome rearrangements of already-
existing genes in the lineage leading to mammals no earlier
than the vertebrate–ascidian divergence [75]. The intervening
regulatory regions of bidirectional genes (bidirectional promo-
ters) were found to enrich genes implicated in somatic cancer,
including breast and ovarian cancers [76]. Nelander and col-
leagues [11] analyzed 21 coexpressed gene clusters and found
that they were enriched for a total of 66 shared cis-regula-
tory sequence elements. Another genome-wide array analysis
of 55 human heart samples showed that a substantial number
of coregulated gene pairs had common transcription factors
[17].
Coregulation by similar sets of cis- and trans-acting units
is by no means mutually exclusive with cofunctionality. Con-
versely, the cis-regulatory elements along with chromatin re-
configuration/epigenetic memory and small RNA coregulation
may provide efficient mechanisms enhancing cofunctionality.
A large-scale microarray analysis of expression in yeast [77]
showed that an expression profile correlation of 0.85 resulted
in a probability of transcription factor sharing of N0.5. A large
part of the cardiac transcriptome in human is linearly arranged
in small coexpression clusters (two to five genes) that tend to
share transcription factors more often than expected by chance
[17]. Most studies have focused on large-scale patterns of co-
regulation rather than its fine-tuning characteristics. As a result,
we do not know what determines boundaries of coexpression
clusters. Central genes in highly coexpressed clusters tend to
be expressed more often than the flanking genes across multi-
ple mouse and human tissues [14]. The fact that the gene
silencing originates from only one end of the cluster sug-
gests cis-acting regulators as an underlying mechanism of
coexpression.
Using data from a total of 267 Affymetrix arrays, Spell-
man and Rubin [4] described about 200 clusters of neighbo-
ring genes in Drosophila, each containing 10–30 members.
These coexpressed genes did not seem to be functionally re-
lated, nor did they show any correlation with polytene band-
ing patterns or other chromosomal structures. Moreover, thepattern of coexpressed gene neighborhoods differed widely
between embryos and adults, possibly suggesting little struc-
tural conservation of clusters and involvement of chromatin
domains in their organization [25]. Tissue-specific coexpression
has been observed in Drosophila as well. Boutanaev and col-
leagues [5] described tissue-specific clustering of D. melano-
gaster genes. For example, one-third of 1661 testes-specific
genes were found to resolve into clusters of 3 or more genes.
Evolutionary conservation of coexpression clusters
One may argue that even if clusters of coexpression are
not functionally irrelevant this effect can be purely coinci-
dental due to the “bystander effect” in which genes are swit-
ched on merely because of their proximity to active genes. An
example is provided by the Igβ (CD79B) gene located bet-
ween the human growth hormone cluster and its locus control
region on chromosome 17 [78]. Although Igβ is involved in
B cell receptor signaling, its expression can be substantially
elevated in an unrelated tissue (pituitary) due to fortuitous po-
sitioning within an active chromatin domain. However, if co-
expression clusters are nonfunctional and/or purely coincidental,
there is no reason to expect phylogenetic conservation (syn-
teny) of the pattern across taxa. Comparative genomics thus
holds promise to provide insights into evolutionary constraints
imposed on coexpression clusters.
Singer and colleagues [12] showed that coexpression clusters
tend to contain fewer chromosomal breakpoints between hu-
man and mouse than expected by chance, lending support to the
hypothesis that these clusters are functionally advantageous
and therefore preserved by natural selection. A similar trend
was observed in a comparison between human and chicken,
with the frequency of linkage breakage in chicken lower for
genes that belonged to the same coexpression cluster in human
(18%) than for other genes (25%) [13]. To date, however, cross-
species conservation of coexpressed neighborhoods has been
examined in relatively distant taxa [12–14,39,79,80], prevent-
ing a finer-scale evolutionary analysis. In a comparison bet-
ween species from the same genus, genes within 10- to 900-kb
conserved regions of synteny between D. melanogaster and
D. pseudoobscura have highly correlated expression patterns
[81], consistent with the hypothesis of adaptive advantage.
Conclusion
Results obtained to date from multiple organisms have rea-
ched a critical mass sufficient to advocate that gene coexpres-
sion clusters are an inherent part of eukaryotic genomes and
their regulation programs, and not just a statistical artifact. Ne-
vertheless, large discrepancies between studies regarding the
sizes and locations of these clusters in the same species (e.g.,
human, see [13] versus [16]) warrant a cautionary note. Studies
directly comparing different methods [20] or cross-referring to
previous results [21] are the exception rather than the rule. Future
researchwill greatly benefit from development of amore uniform
framework and refinement of quantitative methods used to detect
coexpression clusters [82].
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